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The reeearch reported in thie paper concern* the design of 
inetructional material* that repreeent the content etructure of a 
ecience discipline and the development of method* of probing and 
repreeenting the knowledge structure in a student's memory. The 
goals of this study are: (a) to aeeeee ths congruence betwssn sciencs 
content structure represented In science Instructional materials and 
knowledge structures of that science content in the student's memory, 
and (b) to determine how student knowledge etructure repreeentatione 
change ae a reeult of inet ruction. 1 



The conceptualisation for the preeent reeearch derivee moet 
immediately from the work of She elson and Stanton (1975). Central 
to Shaveleon'e approach and oure are two aeeumptioae. .One ie that: 



A eecond goal ie to identify components neceeeary for the 
deelgn of inetructional programs to teach problem solving to etudente 
at the elemenury and middle echooi levels. A third goal ie to ana- 
lyse the macroetructure of sciencs instructional matsrials to deter- 
mine the way in which the content etructure of the ecience discipline e 
ie repreeented in the inetructional materiaie. Further diecueeioa of 
the projects long-term goal and related concerne may be found in 
the Learning Reeearch and Development Center Technical Propoeal 
(1977), pp- 32-42. 
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A etructure of a fubject matter, ultimately, reete 1a the 
mind* of the n graat edentlete." This etructure la com- 
mualcatad through tha tcUatttta' writing ■ in Journals 
and advanced textbook ■ at wall at through informal com- 
munication channel* • (Shaveleon, 1974, p. 232) 

Tha second it that a knowledge •tractor* may be cone aired, at laaet 
in part, at a network of concept* and relation* between concept* in 
memory. The** two assumption* had important implications for tha 
conceptualization and design of this study. In fact, assumptions we 
mads about the relationships among the structure of a natural science 
disclplins, knowledge structures of experts in that science discipline, 
and the contsnt structure of the scientific writing of experte were sig- 
nificant both in designing the instructional materials and in setting the 
standard against which student knowledge structure representations 
would be judged. 

From tha scientific writing of experts in geology, we made infer- 
ences about tha structural characteristics of the discipline of geology. 
These structural characteristics were Incorporated into the inet na- 
tional materials used in ths study and into the knowledge structures we 
constructed as standards against which to Judge the knowledge structure 
repreeentatlons generated by the students. Since no empirical means 
of determining the content structure of written science materials cur- 
rently exist, there is do way of measuring how well the contsnt struc- 
ture of our instructional materials matches tha content structure of 
scientific writing by sxperts. However, indirect evidence was obtained 
through expert review of the instructional materials by three university 
geology professors who agreed that the content of the materials suc- 
cessfully maintained the scientific integrity of geology. 

Determination of tha Knowledge Structure Standard 

Two alternativee were available in eettlng the etandard againet 
which etude nt knowledge etructure representations would be judgsdj 
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(a) to proceed empiricelty and obUin representations of knowledge 
structures from e number of people knowledgeable in geology and 
then identify characteristics common to their structures; or (b) to 
refer to the scientific writing e of experte in geology and infer the 
discipline's structure from their writings. 2 For the purpose of this 
study, the second alternative was chosen, thus maximising the proba- 
bility that there would be congruence between the content structure of 
the instructional mate rial e and the standard knowledge structures. 
This decision was consistent with one goal of our research, vis., to 
determine how student knowledge structure representations change ae 
a result of instruction. 

In the process we used to determine the standard structures 
and assess the congruence between the content structure in the instruc- 
tion and in the writing of experts, it was assumed that a knowledge 
structure is. in part, a network of concepts and relations between 
concepts. In selecting the particular concepts to be included in the 
instruction, and later in the standard knowledge .tinctures, judgments 
were made about their relative importance in the discipline structure 
of geology. The concepts eelected for inclusion were those that 
appeared frequently in the writings of experts and that are central 
in current conceptual structures of gerlogy. This process required 
attending to many constraints, one of wrich was the reality that the 
instructional materials were being designed for middle school students 
and, therefore, could not contain some of the more abetract concepts 
and formal relations incorporated in the scientific writings of experts 
in geology. 



Useful discussions of the notion of structure of the discipline 
are contained in the records of two conferences In which Schwab was 
an instrumental participant; see Schwab (1964), and Ford and Pusno 
(1964). " 
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We have net specified formally how decisions about tho Impor- 
tance of concepts and conceptual structures of g oology were made* 
Tha process may ba clarified by meant at one prominent illustration 
related to the waye In which goolog iete claeeify rocke. Whan geolo- 
giete or other eciontiete claeeify object* in accordance with the pre- 
vailing ideae of the ecience discipline, they are doing much mora 
than eorting thing ■ into group*. The particular echeme of clarifica- 
tion that ie commonly ueed by the practitionere of a ecience at a given 
time reflecte the principal theory or beliefe concerning the eclence's 
domain at the time. Thus, for example, when a geologiet'e classifi- 
cation echeme for rocke dieplaye three principal group*- -Igneous , 
metamorphic. and sedlmentary--it dieplaye at the eame time a frag- 
ment of the current theory, i. e. , a part of the conceptual structures 
of phyeical geology. Since we are concerned about displaying aspects 
of the conceptual etructuree of phyeical geology in our instruction, a 
classification scheme for rocke becomee a prime candidate for Inclu- 
eion. 

In the writings of geologists, one can find several different 
echemee for classifying rocks. Each of theee schemes »• based on 
a conceptual etructure of geology. Since the conceptual structures 
of geology are interrelated, the classification schemes are also 
interrelated. For example, geologiete claeeify rocks on the basis of 
(a) chemical compoeitlon, (b) cryetalline etructure. and (c) the rock 
cycle. Each of theee conceptual etructuree and ite related taxonomy 
of rocke appear In the instructional materials designed for this ttudy 
and in the concept structuring tasks we administered to students. 
Although the relatione among the conceptual etructuree are a part of 
instruction, theee interrelationehipe were not part of the concept 
structuring tasks used in the study. 
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De.lgn of Inttruetiot..! .1-1, 

Tho in.tn.ction.1 material, u.ad 1. thi. <tudy deal ^ th . , ub . 
j.ct of mineral, and rock . and con.i.t of . . 9gtamt * , UM . u . tlag 
v.r.ion of the Ly.U Unit of th. lndlvldu.ll.ed Scl.„ r . (IS) pro , rmm . 3 
1*. Ly.U Unit includ.. a.pect. of hi.toric.l and phy.ic.l g.ology; the 
Invi,. M „ n to Explore (ITE) Mineral, and Rock. i. primarily de.crip- 
tiv. phy.ic.1 g.ology. The Table of Content, of the ITE Mineral, and 
Rock., which i. reproduced in Figure 1. indicate, the .cope and 
.equeac. of topic, and activitle.. The .tud.nf. booklet for th. ITE 
i. 67 typewritten page, long and con.,.,, ot reading text, manipulative 
activitie. Exploration. A „ in Flfure () ^ ^ 

admini.ter.d progr... te.t.. On th. average, a .tud.nt compl.,.. th. 

ITE in three to four week, with five 45-minute period, per week. 

ITE Mineral, and Rock. w.. d..igned to incorporate .tructur.1 
feature, of the content „f de.criptiv. phy.ic.l ,.„log y . The «ructur.l 
feature. i„ c ,„d. hierarchical cl...-l nc lu.i M , tran.formational. and 
definitional relation.. Certain of the., relation, are .vid.nt in th. 
ITE'. Tabl. of Content. (Figure 1). which .how. that the ITE i. 
organised in part around (a) the definition of a mineral, and (b) the 



Individualized Sci.nc. i. a ba.al i.nce program Intended for 
u.e ,n .chool grade. K through 8 aod con.i.t. of a 7omolrt. .cienc- 
curriculum integrated with an individualized l.trn^ *^* 

IT the child ,„ acquire a foundation of .ci.ntific Ut.r.cy £ ,„ 

b.come .killful in u.ing th. proc of .ci.ntific in^ry.' The pro- 

gram encourage. op.n-.nded .tudent inve.tig.tion. that are de.igned 

and probl.m .olving. One way in which thi. i. done i. through th7u.7 
of a type of in.tructional re.ourc. called "Invitation to Explore- (ITE). 
A ..He. of the.e ITE'. appear. i„ certain in.tructional umt. of the 

of ^r""' H0W r"' m0,t ° £ *• ITE '' b « u " d '"-•Pend.ntly 
of the IS program', unit wh.r. they appear and, in th., c ..e, th. ITE 
function, a. . ..If- contained In.tructional module. 
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taxoaomic c Unification of rock*. The two most smphasized struc- 
tural relations, one hierarchical and the other transformation, are 
discussed later in this paper. 

The ITE begins by setting a structural context for the student. 
The content structure is described in the text and is represented 
visually with a drawing (see Figure 2) that illustrates both the hier- 
archical relationships among major concepts and examples of the 
concepts. The introductory narrative summarizes these relations. 
They are elaborated on throughout the text of the ITE. Transforma- 
tional relations are another major structural feature of the ITE. This 
structural feature, illustrated in the excerpt from the ITE in Figure 3, 
is also represented in the text. The design of instruction in the ITE 
Minerals and Rocks was executed with structural principles explicitly 
in mind to facilitate the student's learning and retention of the science 
concepts. 



The form of the concept structuring task developed for this study 
allowed us to get information both about the way students order con- 
cepts in memory and how they perceive the relationships between the 
concepts. In this procedure, the knowledge structure is derived via 
an analysis of the properties of the grou nngs of cards made by stu- 
dents. (On each card is printed a single word or concept. Each set 
of cards contains a range of concepts central to a particular subject- 
matter area- -in this instance, descriptive geology. ) We used this 
card- sort procedure in an exploratory study from which we learned 
that simply having students sort concepts Into groups provided no 
information about the students 1 conceptualization of the sorting 
process. We began, therefore, to question students In an unstruc- 
tured way to determine why they had sorted the concepts as thsy had. 
It then became apparent that students could often make discriminations 
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MINERAL: 

CHEMICAL 
FORMULA: 



The Rock of Gibralter is a lindfom made up of 
limestone rock. Limestone is a Mixture of different 
minerals, but most of it is the Mineral calcite (KAL 
site). Calcite is a naturally occurring chemical sub- 
stance that contains molecules of calcium carbonnte. 
The chemicdl formula of calcium carbonate is, CaCO,. 



Figure 2. Example of description and illustration of tha content in 
tAe ITE Mtncrair and Rocks- (pp. 4, 5)* 



Mdhnwj>h»c 
Rode 



The Rock CycU 

^ Ineftt fcWi pressure, 

^Sr, 1? "* 






Figure 3. Transformational relationships aaonf rocks as illustrated 
in the ITE Minerals a.'d Rocks (p. 57) . 
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between certain terms to a greater degree than the presented task 
allowed and that the "unstructured" questioning which probed for these 
discriminations ought to have been more structured. Further, our 
examination of systems of text analysis, with their detailed specifica- 
tions of structural relations in textual material, led to our finding 
value in experimental methods that probe more deeply into relations 
between concepts. 

As our conception of structure and ite implications for instruc- 
tion and learning developed, the card-sort method appeared less ade- 
quate to our needs. Consequently, we designed the Concept Structure 
Analysis Technique (ConSAT), which has become an important instru- 
ment in the conduct of our research. The inspiration for this tech- 
nique came from the research of two cognitive psychologists, Paul 
Johnson (1964) and Richard Shavelson (1974). Both of these investiga- 
tors sought ways of determining how individuals relate science concepts 
in memory. Our ConSAT is an extension of the card- sort technique, a 
method which Shavelson used to investigate this question. 

In our research using the ConSAT, each concept structuring 
task is administered on an individual basis in the following manner. 
After introductions and small talk, the researcher tells the student, 
"We are trying to find out how students think about words used by 
scientists. " The researcher hands the student a stack of cards and 
asks the student to read the words on the cards and to sort them into 
two etacke. One etack of worde contains those the student recogniaee 
(has eeen or heard before). Worde that the student doee not recognise 
are put into the other etack. 

The unrecognised etack is set aeide. The researcher then asks 
the student to arrange the recognised words on a large piece of paper 
in a way that "shows how you think about the words. " While completing 
the arrangement, or after ite completion, the student is asked to tell 
why the worde are arranged as they are. Ae the student points out 
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relationships between the words, the researcher connects the related 
word* or group* of word* with a lino and thou UboW tho line with tho 
relationship that tho student gives* Tho re ■•arch* r alio asks ques- 
tions about the arrangamant of word* on tho pa par whan tho student 
dooa not voluntaar information. The atudant* often change a card from 
one position to another. The researcher encourage* thi* and a*k* 
que *t ions about the change, while noting the change and other relation- 
chip*. Finally, the student it asked to go through the stack of unrecog- 
nised words and make a final attempt to fit them into the structure 
already produced. (The terms used in the concept structuring tasks 
for the present study are listed in Figure 4. ) 

The arrangement of the words on the sheet of paper and their 
recorded relationships serve as the input data for the analyses of 
student knowledge structure representations in the ConSAT. As we 
have indicated, these analyses essentially consist of making compari- 
sons between the students 1 representations and standard knowledge 
structures. When concept structuring tasks are administered prior 
to and following instruction and the ConSAT is applied, we can obtain 
a measure of changes in student knowledge structure representations » 
changes ascnbable to the instruction. In the study described below, 
we utilised the XTE Minerals and Rocks as the instructional materials 
and obtained measures of how student kno\ ledge structure representa- 
tions changed from pre- to 00 at instructional administrations of concept 
structuring tasks. 



Our study was carried out in a parochial elementary school, 
located in the Mount Washington area of the city of Pittsburgh* The 
school's approximately 400 students in grades K through 8 come from 
middle -class Catholic homes in the immediate neighborhood. Science 
classes met in a large room in the basement. There were 30 students 



Setting and Sample Population 
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met amorphic 



6.3 cm 



7.6 cm 



Practice Task 

body 
ears 
eyes 
face 
foot 
heel 
metatarsus 
nose 
soul 
toes 
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ATOM Task 

atoms 

chimical compounds 
chemical elements 
chemcal substances 
molecules 



MINERAL Task 



CaC0 3 
calctte 
calcium carbonate 
carbon 

diamond 



gTaphite 



halite 



inorganic solid 

substances 
limestone 
mineral 
NaCl 

shells of sea 

animals 
substances with a 
characteristic crys- 
talline structure 
substances with a 
definite chemical 
composition 
naturally occurring 

substances 
table salt 



ROCK Task 



granite 
igneous 
lava 
limestone 
magma 
marble 



Figure 4. Sample card and words used in concept structure tasks. 
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met amorphic 

pumice 

rock 

sediment 
sedimentary 
shale 
slate 



in each etui. The teacher used the IS program for five year* and 
fait that the program gave etudente a chance to experience a degree 
of self-determination not found In the echool'e other daeeae. Two 
student teachere were teaching in science at the time the study was 

conducted. 

The science teacher •elected 30 etudente, 17 female and 13 male, 
from the eighth-grade claeeee to participate in the etudy. None of 
these etudente had previously received instruction on minerals and 
rocke. All had previously studied other unite in the IS program and 
were familiar with the mechanics of the instructional materials. The 
meaeured iQe of the etudente participating in the study ranged from 91 
to 133, with a mean of 105. 

procedure 

The study followed the pattern outlined below. 

1. Administration of preinst Actional concept structuring task 
probing for structural knowledge about minerals and rocke. 

2. Administration of a three-part pretest on concepts in descrip- 
tive geology (deecribed below). 

3. Instruction using the ITE Minerals and Rocks. 

4. Administration of posttest--same as pretest, 

5. Administration of postinstructional concept structuring tasks- - 
same as preinstructional. 

The etudy was carried out over a period of six weeks, with one 
week for administering the concept structuring tasks both before and 
after four weeks of instruction. A three-part test was administered 
just prior to instruction as a pretest and again when instruction was 
completed ae % <postteet. The three eectione of the pre- and poetteete 
consisted of: (a) a multiple-choice test covering the science content 
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of the ITE MlMrtU and Rock*, (b) a 17 -item analog lea teat of key 
tannt used In the instructional materials, (c) a 12- it am aet mimbtr- 
•hip taat in which ssch limn confined a «et of four terms, one of 
which the •tudent had to identify at not belong inf to the aet« The pre- 
and poattests differed only in Section 1, which contained 45 item 
responsss on the pretest and 16 additional responses on the poitteet* 
These testa were administered by the classroom teacher* 

The concept structuring tasks were administered in three parts* 
The first part probed students' knowledge structures of prerequisite 
science concepts, concepts the designers presumed students compre- 
hended and thet were necessary for comprehension of the science con* 
tent in the ITE Minerals and Rocks. The second part probed structural 
knowledge of minerals, and the third part structural knowledge of rocks. 
For each task, a different aet of cards on which the concepts were 
printed were uaed. The concept atructuring teaka were Individually 
administered, and each student was led through a practice teak that 
conaiated of card a containing familiar anatomical tenna. The terms 
in the practice task, ATOM Tesk, MINERAL Task, and ROCK Task 
are Uated in Figure 4 (page 12) under their reapective headings. For 
both the practice tesk and each succeeding task, the student was shown 
the set of cards and aaked If he or aha recognised each term in the 
aet. Then the student proceeded to arrange the recognised terms, as 
deacribed previously in the discussion of the ConSAT* The arrange- 
ment waa laid out on a large piece of paper (28 x 41 cm) and the carda, 
which had an adhesive on their reverts aidea, were preaaed into place* 
The procedure for administering the concept structuring tasks was 
the same before and after instruction* 

Results 

Two types r melysis, one quetitetive, the other quantitative, 
were epplied to -h« date* Both analysed the degree of correspondence 
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bstween the knowledge structure representations generated by a stu- 
dent and a standard knowledge structure representation. The degree 
of correspondence between student and standard knowledge structure 
representations was determined by first identifying attributes that 
distinguish student knowledge structure representation from the 
standard knowledge structure representation and then us see sing the 
extent to which these attributes are identifiable in the student knowl- 
edge structure representations. The qualitative analysis approach is 
described and illustrated in the following two subsections of this section. ' 

Quantitative analysis transforms the raw concept structuring 
task data to a matrix representation. Matrices derived from student 
representations are compared with a standard structure derived from 
written materials.* Comparisons between student structures and this 
standard structure are made with respect to several different variables 
derived from the matrices. This quantitative analysis approach turned 
out to be inadequate for our purposes. However, the lessons we 
learned in the process were significant and, we feel, should be shared. 
For this reason, a description the technique and our "findings" are 
presented in Appendix A, 

Qualitative Analysis of Concept Structuring Task Data 

In the qualitative analysis, qualitative descriptions of the struc- 
tural attributes of the standard structure were made. Student Ttructure 
representations were searched for these attributes and then placed into 
categories based on the attributes. 



The content structures we used in these preliminary analyses 
have not been empirically verified in any way. The method for their 
derivation is made quite explicit so that the reader can make judgments 
about their validity. 
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Tht attribute and thsir qualitative description! derive from: 

(a) mumpHoni about the characteristics of structures produced by 
ths subjsct-mattsr sxperte (or derived from thsir writing •), and 

(b) hypothssss about how studsnts with little or no knowledg ■ about 
geology behave whan confront ad with a task compound of geologic 
terms. We havs already discussed our assumptions about the rela- 
tionships between contsnt structurs of instructional material*, struc- 
turs of ths disciplins, and "expert" knowledge structures (sse page 2). 

Characteristics of any of the structure* produced will be a 
reflection of the term* or word* that comprise the task. Consider, 
for example, the word* included in the ROCK Task (ses Figure 4, 
page 12). The pretence of the name* of tome •peciflc rocks (granite, 
pumice, limestone, •hale, slate, and marble) ere likely to cue a 
facet of the subject- matter structure which repressnts c la if 1 cation. 
Of primary importance In the conceptual structure of physical geology 
it the way in which rock* and minerals are classified. Given an array 
of rock and mineral samples or their scientific names, a person 
knowledgeable In geology could select from a number of possibls 
schemes for classifying the samples* However, given a structured 
stimulus (1. e. , a concept structuring taek) containing three key words 
(igneous, sedimentary, and metamorphlc) that cue the classification 
of the rocks on the basis of the way in which they are formed, this 
structural characteristic Is more likely to be elicited. 5 

Classification by this schsme using these words results in the 
hisrarchlcal class -inclusion structure shown in Figure 5. This hier- 
archy represents words of three Isvels of abstraction. The words in 



A rock concept structuring task that replaced the terms "rock, " 
"igneous," "mstamorphic," and "sedimsntary" with "crystallins struc- 
ture," "chemical composition," "CaC03," and "hexagonal" would pro- 
duct quits a diffsrsnt hltrarchlcal clattiflcatlon bated on a different 
conceptual tchtmt. 
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Plfura 5. Hierarchical claaa-incluaion structure of 10 words in the ftOOC Task. 
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the level of leaat aba traction are enelof one and all baar the aama 
ralationahip to worda in tha aecoad level. Thua, each arrow la 
rifure 5 can be labeled in tha aama way, aa ahown by tha underlined 
phraae la tha following aampleai 

Granite la In tha claaa oi If neoua rocka. 

ShaU la la Aa cUaa of aodimaatary rocka. 

Slata la la tha claaa of mat amorphic rocka. 

Tha worda la tha aacoad Ural of aba traction in Flgura 5 an 
alao analog oua and all baar tha aama raUtionahip to "rock. " Tha 
ralationahip that hold a between «ech of thaaa worda and "rock" ia 
expreaaed by tha undarllnad phraaa In thia example t 

If neoua ia a claaa of rock. 

Nota that tha ralationahip between worda la the loweat level and the 
intermediate level and the ralationahip between worda la the inter- 
mediate level and the hifheat level are not the aama. 6 



Miller and Johnaon- Laird (1976) diacuaa the hierarchical claaa- 
incluaion ralationahip aa one la which the aama relation holda between 
elementa from one level to another. They call thia the IS A ralationahip. 



While In everyday apeech, the IS A relation adequately expreaaea the 
ralationahip between robin and bird and bird and animal, la a aclen- 
tific aenae thaaa relatione are more exactly defined. 



Animal 



Bird 



Robin 



A Robin ia a Bird 



A Robin ia a apeciea of Bird 



A Bird ia an Animal 
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Included ilio In the words for ths ROCK Task ars "sedlmsnt, ■• 
" m *l m *» M *™* 'lava, •' Thsss thru word* rsprsssnt substances from 
which rock form*, Thsss word* do not fit into any hierarchical classi- 
fication of rocks but can easily bs incorporated into a struct™ that 
rsprsssnts an important principls of gsologic scisnce--thnt any class 
of rock can be transformsd into any othsr class of rock. This trans- 
formational procsss is cyclic and is called ths rock cycls. We previ- 
ously illustrated ths rock cycle in ons of ths sxcerpts from the ITE 
Minsrals and Rocks (ses Figure 3, pag s 9), and it is shown mors 
formally in Figure 6, In this figurs, ths arrows between ths classes 
of rock do not always represent a single procsss. In fact, they often 
repressnt ths stspwiss occurrence of as many as five substsps. Thsse 
substsps ars detailed in Figure 7. 

Ths complex sst of transformations and relationships depicted 
in Figurs 7 can be pressnted in a cpmposits diagram of the rock cycls. 
An example of such a diagram is shown in Figure 8. Here the various 
transformations which apply to ths particular rocks and othsr sub- 
stancss Included in the ROCK Task 7 ssrvs to illustrate and amplify 
ths geologic principls smbodied in the central representation of ths 
rock cycls (cf. Figurs 6). We might note that it was nscessary to 
enter two rock namss (limestone, gnm i e ) m two different places in 
ths diagram of Figurs 8 to make ths composite representation com- 
plete. 

Up to this point, ths hierarchical class-inclusion rotations of 
ths words in the ROCK Task and their cyclical transformation rela- 
tions havs bssn cons ids red ssparately. It should not corns as a sur- 
priss, however, that ths two kinds of structural relations of the ROCK 



Ths transformation of ignsous rock to mstamorphic rock was 
not grsatly smphasUsd in ths ITE Minsrals and Rocks. Howsver, all 
ths othsr transformations wsrs amply dsscribsd. 
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Igneous 



met amorphic 4 sedimentary 



Figure 6. The rock cycle. (This structure simply represents the 
principle that any clee* of rock can be transformed 
into any other class.) 



Forest ion ot sedieent 
by weathering. 



Formation of magna 
when rocks are sub- 
jected to tremendous 
heat and pressure. 



igneous rock 
ip 



sedimentary rock 



sediment 




amorphic rock 



Igneous 



M] 



magma 

met amorphic sedimentary 



figure 7. Suftsteer of the rock cycle trmeformetion*. 

-continued- 
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The transformation of 
igneous and sedimentary 
rock to act amorphic rock 
by heat and pressure, 
(marble results when 
limestone is Metamorphosed; 
slate results when 
shale is metamorphosed . ) 



gneous rock 



sediment ary rock' 



f ^£«etajaorphic rock 




Segmentary rocks form 
when sediments are 
subjected to heat and 
pressure. 



sediment 



re 



-> sedimentary rock 



Igneous rock forms when 
lava and ugma cool. 



Pumice is formed when 
lava cools rapidly (on 
the earth's surface). 

Granite is formed when 
*agma cools slowly (below 
the earth's surface). 



lava 
ma ;ma 



lava 



nagma 



igneous 



rock 



dooJs . 
rapldLj * pumice 



Slo\>Cy 



granite 



Figure 7 (Continued) 
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2 4 



lava ugit 

jnmuce granite 

igneous 

sedimentary ^ k met amorphic 

limestone shale marble slate 

v7 \ T 

sediment limestone shale 




means can change into 



Figure I. Composite rep resent et ion of transformations and 
relationships in the rock cycle. 
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Ta*k word* eta b* Integrated into a • Ingle etructure. (In contrast, 

the di*cu**ion of the MINERAL concept etructurlng task in 
Appendix B. ) The Integrated structure contain* example* of rocke 
that can be incorporated both ae member, of the hierarchy and ae 
examplee of the rock cycle transformation*. Diagrammatic ally, 
the integrated etnicture take, the form shown in Figure 9. Notice 
that thie diagram ie built around the hierarchical claee-lnclueion 
relatione, but the etnicture could ju.t ae well have been vieually die- 
played to highlight the cyclical traneformation relatione. Thie inte- 
grated etnicture (however dieplayed) repreeente our etandard etnic- 
ture, one that an "expert" might produce. 

An important feature of the integrated etnicture ie it* parsi- 
mony. There are other poeeible relation* that might be added, but 
they add no meaning to the etructure. For example, all of the example, 
of rock* could correctly be connected directly to "rock, " but thi* infor- 
mation i* already implied in the hierarchy. Similarly, "*hale. " and 
"limeetone" cc aid be connected thie thie way: 



but again no meaning ie added. The integrated etnicture shown in 
Figur* 9 also i* parsimonious in the eenee that none of the ROCK 
Taek term* are repeated, a* wa* the ca«e for the diagram in Figure 8. 
In a pareimonioue way, the integrated etructure repreeente the inte- 
gration of two important facet* of the .true rural ba«i* of g.ology. 

From our analysis of card-aort task data collected during the 
exploratory study previously mentioned (see page 7) and from the 
analyeis of the science content etructure, ae exemplified in the pre- 
ceding discussion, we have derived classes of structure for the ROCK 




ehale ^- 



limeetone 
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gncous^^ 6 ^ sedimentary j^ py ^> netamorphic 
- w ale 1 idlest on. 



granite punnee shale limes tone slate Barbie 

*cJitncnt 



MA 



"ifurt 9. Integrated structure showing hierarchical and trans for 
nation relations of the 13 words in the ROCK Task. 
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Teak. The diagram that appear • In Figure 10 re pre a en* a our initial 
conceptualisation of seven cUiici of structures. The major diviaion 
of the might cUnti ia tha diagram into two groups (G and W) derivea 
from tha obaervation that a few of tho youngeat aubjacta in tho explore - 
to ry atudy troatad tho geological word* they wara eaked to group* not 
ao much at word a repra •anting concept a, hut more a a grapheme*. 
The a c heme a that they used to group or order the word* could a a wall 
have been applied to group* of letter* that ere, in fact, not word*. 9 

Within each of the two major group* (grapheme and word) of 
structures, the claaaea can be arranged in order of increasing com- 
plexity, a a ia displayed in the diagram in Figure 10. Tha increaae in 
complexity ia attributable to change* along one or more of several 
dimension*. Some dimensions have aero value (i.e., are not present) 
for "lower complexity" classes and only eppear in "taighar complexity" 
classss. Increasing valuss along e single dimension summsd over 
dimen»ion« contribute to tho increasing complexity of structures within 
classes. Table 1 lists the six dimensions (or structural characteristics) 
that we have identified and some possible values along each dimension. 
To Uluatrate how these dimensions help to account for the complexity 
of a claaa of structures* in Table 2 we give the values along each 
dimension for structures falling in Class W. 



A structural analysis of the MINERAL* Structure appears in 
Appendix B. This structure is considerably more complex than tha 
ROCK Structure. It suggests more classes of structures and mora 
attributes that describe salient features of the classes* We have 
elected not to incorporate the additional classes and attributes into 
our current analysis scheme. 
9 

There are meny other possible classes based on graphemes 
that we have not put in our diagram. For our present purposes* 
classes based on graphemes are not particularly important. We sug- 
gest, however, that this is an important group of structures. There 
w re analogies based not on meanings of words but on their graphemologi- 
cal structure. 
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0 W.I W2 W3 W4 W4 



K r ^T+ Wore* Group *| 

CLASSES OF STRUCTURES 



CLASS 


ATTRIBUTES OF THE CLASS 


we 


integration of hierarchical structure and trans- 
formational structure into a unfit structure 


ws 


hierarchical structure plus frtfmtm of tram- 
formationet structure 


W4 


hierarchical structure or nerttformetionel 
structure 


W3 


frafmenti of thf hierarchical and/or tramfor- 
mationeJ structures 


W2 


two or more words related by a technical 
or eenerel usee* label 


W1 


two or more word*, unspecified relationships 




G 


two or more words related by a tMwjie morpho- 
lofical characteristic 



Flfui* 10. Attributes and duett of ROCK Structures 
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TabU 1 



Dimensions of Structural Complexity for 
Concept Structuring Tasks 





Dimension 


Values (Categories) 
along tha Dimensions 


1. 


Siza of tha unit which 
is structured 


cimU Mord 
j*«§** wuni 

Pairs of words 
Groups of words 
Structure as a whole 


2. 


Relations between struc- 
tural unite are einiirtt 


Unspecified relations (*0) 
Keianons are idiosyncratic 
Relations represent common usage 
Relations distinguish common usage 
and technical usage 


3* 


Relations between struc- 
tural units are scientific 


No discipline structure evident. 
Some discipline structure evident 
Represents discipline structure 


4. 


Decree of r#» 1 at lonshin 

among relations between 
units 


Labeling (of 2 or more units with 

same term) 
Networks— small and/or isolated 
Interconnected networks 
Fully organized 


5. 


Predictability of rela- 
tions aaiong structural 
units 


None 

Limited 

Systematic 


6. 


Connections between con- 
cepts in structure 


Few and mainly paired 
Many and mainly paired 
Many and nonpaired 
Optimal and mainly nonpaired 




Table 2 




Values of Cach Structural Dimension for Class W-6 




Dimension 


Value 


1. 


Size of unt which is struc- 
tured. 


Structured as a whole 


2. 


Relations between structural 
units are explicit 


Distinguish common usage and techni- 
cal usage 


3. 


Relations between structural 
units are scientific 


Represents discipline structure 


4. 


Degree of relationship among 
relations between units 


Fully organized 


S. 


Predictability among struc- 
tural units 


Systematic 


6. 


Connections between concepts 
in structure 


Optimal and mainly nonpaired 
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The values o! dimenaions of structures in other cUnei thtn 
W-6 will not b« as definitive b«caun of the overlip of catsgories. 
Nevertheless, the tlx identified dimeneione appear to be useful in 
accounting for the structural complexity. They aleo were found to 
be useful in actually applying our analysis scheme to the data from 
the ROCK Task. Each set of data was analysed independently by two 
coders. The reliability of our analysis scheme was determined by 
teaching the analysis scheme to en individual who, prior to instruction, 
was totally unfamiliar with the research. This individual also cate- 
gorised the student structures. The interrater reliability was 70%, 
the two categorise re having agreed on 42 of 60 student structurss. 
After consultation, the analysis scheme was revised slightly. This 
revision produced agreement between the coders on most of the struc- 
tures where there had been differences. For the few remaining cases, 
where the revised analysis scheme did not produce agreement, the two 
coders reached a compromise in classification of the structures. 

Illustrations of Qualitative Analyses 

Pre- and post instructional ROCK Structures produced by three 
students upon being given the ROCK concept structuring task were 
selected from the data to illustrate how the structures can be charac- 
terised using the analytical scheme presented in Figure 10. The 
examples chosen are representative of (a) levels in the analytical 
scheme, and (b) various degree e of pre- to pos tins t rue tional improve- 
ments. Our discussion in this section begins with tower levels on the 
echeme and smaller improvements and proceede to higher levels and 
greater improvemente. The three students' ROCK Structures are 
shown in Figuree 11, 12, and 13. Each figure gives the student's 
identifying number and each structure is labeled pre- or post instruc- 
tional. 
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Preins traction Structure 



rock 



shale limestone 
marble gram te 
slate 



t4%, 
t</>/f£lM*S 


Aa** to at* 




magna 




sedimentary 




lava 




sediment 




igneous 




*MdL dirt 



met amorphic 
pumice 



Poitinstruction Structure 



shale 
granite 
slate 
margle 



Wlava 



magma ) 



\ igneous •Hs,^^ tWftfcws 



metamorphic 
limestone 



sedimentary 
sediment 



Figure 11. Pre- and poitinstruction KXK structures made by 
Student 3. 
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The pre- and postinstructionel structures of Student 3 exemplify 
lower levels on the scheme end relatively minor pre to pott changes. 
Student 3»s itructure before instruction it characterised by groupings 
on the basis of general (i.e., nonscientlfic) labels (rock, volcanoes, 
dirt). No evidence even of a fragment of the hierarchy is present. 
We assign this structure to class W-2, Student 3's postinstructional 
structure still has no sign of the hierarchical relations of rocks. 
More words are included under the general label, "rock": the words 
organized around "volcano" are slightly more differentiated; "meta- 
morphic" and "limestone" are paired, but no relation is given; and 
"sediment" and "sedimentary" are related by their morphological 
similarity. This structure has elements of classes W-2. W-l. and 
G (see Figure 10). The change, then, from pre- to post in st ruction 
is minimal, with the student using essentially the tame organizing 
relations, picking up little of the science content and none of the 
structure as outlined in the dimensions in Table 1. 

Student I5*s pre and post structures, presented in Figure 12. 
illustrate an improvement greater than that of Student 3»s pre to post, 
as well as a structure at a higher level on our analytical scheme. 
Student 15'a pre has many unrecognized terms, a few terms grouped 
under the general label "rock," and the association of 'lava" with 
volcano. Student I5»s post evidences a fragment of the hierarchy 
and an increase in the number of words associated with "rock" and 
with "volcano." The pre structure is characterized as Class W-2 in 
the scheme, and the post as Classes W-3 and W-2. There is a clear 
advance in structure, although there is still no well-defined hierarchy 
and no sign of the rock cycle. 

Student 18's pre and post structures are representative of the 
highest levels of our scheme (see Figure 13). Although Student 18 *s 
structure does not contain the rock cycle, it is structured around the 
hieararchy. Note, however, that the hierarchy contains the words 
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Jreinat ruction Structure 







jrock 








1 imestone 


marble slate 
lava ye<t ±j>U> « v*&«w*# 


-ar, 


pumice sediment 
granite wet amorphic 
igneous shale 
nagma 









Post instruct ion Structure 



sediment 



rock 



limestone 
granite 
shale 
slate 
marble 



nagaa 

lava 
puaice 



igneous metamorphic sedimentary j 



Figure 12. Pre- and postinstructional ROCK structures made 
by Student 15. 
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Proi&structio* Structure 



rock <— 



gjff 



met amorphic 



2 



igneous 



granite marble pumice 



sedinentary 



slate 



magma 






^ ^^^ liv« sediment shale liaistone 



fla«mr y v*6**«S 



Post instruct ion Structure 




fpumiccj | granite | | slate/ flimestone( [» n * le J fmarblef 



******* 



[mafia] 

llaval 




fijeou^ 




fcedimentaryl 



sediaent 



Fifura 13. Pt»- and post instructional ROCK structures aada by Stud ant It. 

( Hot a: Tha actual post instruct ion structura had tha hierarchy 
and tha rock cyela lntefratad. Thay vara saparatad to facili- 
tata our analysis.) 
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"magna, " "lava, '• and "sediment" on the same level t. the example, 
of rocka. On way to view this is that the student tried to fit these 
words into one scheme, the hierarchy. However, in the post struc- 
ture, these words are clearly related to rock cycle, and Student 18 
incorporates the rock cycle structure and elaborates on the hierarchy. 
The rock cycle transformations are given both on the level of sub- 
ordinate concepts ("igneous, M "metamorphic, " an^ "sedimentary") 
and on the basis of the examples of rocks. Student 18 demonstrates 
a clear and significant advance m structuring on the two tasks. The 
structure produced for the preinstructional class is characterised as 
Class W-3 and the post as Class W-6, an increase of three levels. 

As stated, the structures of these three students are representa- 
tive of the range of levels of structure as well as the kind of improve- 
ment from pre- to postmstruction. Student 15 (Figure 12) may be the 
example most like the "average" student: 19 of the 30 student, improved 
one or more categories, and the mode shifted upward one category 
(from W-3 to W-4) from pre- to postinstructional tasks. Frequency 
distributions and degree of change in the ratings of the 30 students are 
found in Table 3. 



Table 3 



Frequency Distrubution and Degree of Chsnge 
for ROCK Structuring Task (N»30) 



Score W l 


W 2 


W 3 »4 *S 


*6 


Pre 0 


0 


13 8 8 


1 


Post 0 


0 


3 12 6 


9 


Degree of Change 


(by nu 


■ber of categories) 





Up 3 1 

Up 2 4 

Up 1 14 

No chsnge 10 

Down 1 1 
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Discussion 



On the basis of our experience in the study described here, wo 
are optimistic about the potential of the ConSAT as a means of probing, 
describing, and comparing science knowledge structures. Using this 
technique, we have been able to elicit representation of knowledge 
structures that include both the arrangement of concepts and the rela- 
tionships on which the arrangement of the concepts is prediciated. We 
have devised an analysis scheme that allows us to define structural 
attributes of a specific concept structuring task (e.g. , ROCK Structure) 
and have demonstrated that, on the basis of these attributes, knowledge 
structure representations elicited by a specific task can be categorised 
into meaningful groups. The attributes of the structures can be suf- 
ficiently well defined so that the analysis scheme can be e.i.oii aught 
to and reliably applied by an individual new to the analysis technique. 

The part of the ConiAT for which there is the least theoretical or 
empirical validation is the process of defining the structural charac- 
teristics of a specific concept structuring task. This process, as it 
was carried out in the present study, relied almost exclusively on two 
individuals' interpretations of the science discipline structure relevant 
to the concepts for the relevant task. However, assuming that this 
process is adequate for the purpose of analysis, we can bring to bear 
the relevant science content structure on the definition of what consti- 
tutes a M good" representation via the task concepts of the cognitive 
structure in memory. The resulting classification of structures of 
increasing "goodness" contains structural classes that are rich in 
meaning, even though ail of them are not easy to depict in a concise 
way. 

Not only have we demonstrated that students* representations 
change as the result of instruction, but we are able to describe the 
specific characteristics of the structure that change. In most 
instances, the characteristic has a direct analog with the discipline 




•tnicture of geology. For example, etudente claeelfy .pacific kinds 
of rock a. igneoue. eedlmentary, or m.tamorphic end .bow .vid.nc. 
that they recognise that thi. eyetem of clarification ie baeed on a 
ganeral principle of geology, namely that each claee of rock can be 
traneformed into either of the other classes. 

From our analysis, we have been able to identify certain trend* 
that have intereeting implicatione for inetructlon. For example, we 
have eome evidence that etudente whoee preinetructional ConSAT taske 
•bowed good etructurlng made greater gaine in their ability to struc- 
ture geological terme than thoee whoee preinetructional ConSAT taeke 
ehowed no evidence of etructurlng of any kind, Thie observation Mfml 
to eupport the educational aphoriem that the more you know, the more 
you learn. However, at ieeue here ie the queetion of what it i. that 
the more eucceeefui learner knowe. Doee the eucceeeful learner have 
a greater facility at etoring diecrete bite of information in a random 
faehlon. or doee he or .he search the etimulue for organising princi- 
ple* that permit the etorage of many diecrete bit* of information in a 
•ingle etructure? With reepect to thie ieeue. we interviewed five etu- 
dente whoee ConSAT taeke ehowed little or no etructurlng to determine 
the extent to which they u ..d organising principle, when confronted 
with the task of claeeifying about 30 common foode. Thie task was 
overwhelmingly difficult for theee fwe etudente. None were able to 
generate a echeme of clarification that wae applicable to ail the foode. 
They could only claeeify foode with which they or member, of their 
immediate family had had experience, Thie euggeete that theee etu- 
dente are unaware of •tructuring a. a etrategy for reducing Urge 
amount* of '"formation into mora manageable unite. It ie not eur- 
prleing that theee etudente are unable to etructure geological terme 
which are both unfamiliar and highly abstract. 

Our ConSAT, an exteneion of the card-eort method for probing 
and repreeenting knowledge etructuree ueed by Shaveleon (1974) in hie 
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■tudy of three method i tor representing structures, differs la several 
Important ways from hit method. While those differences add con- 
siderable complexity to the quantitative analysis of the date end subse- 
quent representations of knowledge structures at Shavolson does them 
(aee Appendix A: Quantitative Analysis), the complexitiea are more 
then compensated for by the richneaa of the knowledge structure repre- 
sentations and subtle differences in representations that can be detected 
by the qualitative analytical procedures we apply to the representation. 
Although conciseness is a definite characteristic of the numerical values 
that depict particular variables resulting from a quantitative analysis 
of the data and also has the potential advantage of making possible 
rather rigorous statistical comparisons of structures between groups 
or between individuals, the conciseness and rigor are more than off- 
set, we believe, by what is lost in the translation. 

Our preliminary attempts to extend the use of the ConSAT indicate 
that the technique has broad general applicability with respect to science 
content end can be used successfully with subjects as young ss 8 years 
old. Our interest in the ConSAT, however, reaches beyond its use ss 
s tool of research. Helping students develop an awareness of struc- 
turing strstegies for science content is an important instructional goal 
snd challenge of our work. We expect to carry out this instructional 
design work, which has been informed by our research, as we continue 
to pursue further research. 
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APPENDIX A 
Quantltatlv. Annlv.ia o f Conc.pt Structur. Taek 

In addition to th. qunlitlatlv. annly.i. of th. .tud.nt.- .tructur.a. 
we are attempting to d.v.lop a u.eful quantitative method for making 
comp.ri.on. between tructure.. Since w. ...urn. that the .tructur.. 
nr. a r.pre..«*«tion. at Uaat approximately, of the way in which con- 
cept, are .tructur.d in a .tud.nt'. memory, it may be .aid that w. are 
developing a quantitative method for comparing cognitive .tructure.. 

The mathematical model underlying the method w. u.e ia derived 
from th. theory of directed graph.. 10 ta applying our mathod , w# 
tra„.form th. arrang.rn.nt of th. word, in a .tructur. into a aimpll- 
fied digraph, which .how. only the connection, between word.. On. 
.uch digraph i. obtains from a knowledge .tructur. r.pr...„tation 
ba.ed on inf.rence. about th. di.cipline .tructur. of geology. 

Thi. digraph i. d..i«nated a. th. .tandard .tructure. Additional 
digraph, .r. d.riv.d from .ach .tructur. mad. by a .tud.nt. and .ach 
of th... digraph. r.pr..«nt. a .tudenf. r..pon.. .tructur.. Th. next 
•t.p in our m.thod i. to m.a.ur. the d.gr.. of .imilarity between th. 
.tud.„f. re.pon.. .tructure and the .tandard .tructure. 11 W. do thia 
by calculating the value, of certain , c lar variabl.. from a d.viatlon 
matrU .bowing ,h. ab.olut. diff.r.nc. „.tw..„ th. .urn of th. fir.t 
and .econd .tag. communication metric, of th. .tandard and .tud.nf. 

( 1962>°r e H h"' dU "" ioM of the th «»'y of graph, may b. found in Or. 
(1962) and Harary. Norman, and Cartwright (1965). 

M Shav.l.on (1972) adopted a .imilar .trat.gy i„ hi/compari.on 
of cognitive .tructur.. and a confnt .tructur. in phy.ic. How.'., 
*. Pr..c. ,1976) pointed out. th. ro.ult. Sbav.l.on obtaln.d m!y hive 
been an artifact of the tran.formation he u.ed in manipuUting the 
entrie. in hi. metric... a difficulty w. avoid in our m.thod of analy- 
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responss strucrurss. The gensrel procedurs for calculating the deviet- 
ing matrix, D, is dispiaysd in figure A-l. 

In ordtr to utilise this gsneral procsdurs for the ROCK concept 
•tructuring uek, it wee firet neceeeery to derive e standard structure 
ibr the worde included in thit teek. This wee done end the etenderd 
etructure digraph for the ROCK taeke ie diepleyed in Figure A-2, 
Using the procedure outlined in Figure A-l, a tU m matrix wee calcu- 
leted for the etenderd etructure, end thit matrix alio ie diepleyed in 
Figure A-2, The eum matrix for the etandard etructure wee ueed to 
celculate the devietion matrix, D, for each etudent reeponee etructure 
derived from e task. 

F rom the data collected, we derived pre- and poetreeponee etruc- 
ture digraphs and the corresponding deviation matrices for eech student 
for the ROCK task. By way of illustration. Figure A -3 shows six 
response structures for the ROCK teek and their corresponding devia- 
tion matrices. These particular student response structures and 
matrices were derived from the seme pre- and poetinstructional 
ROCK tasks illustrated in the qualitative section (see Figure 11). 

To evaluate a student's response structure (i.e., to measure the 
degree of similarity between the response structure and the etenderd 
structure), numericel values for a number of sceler variables may be 
calculated from the deviation matrix D, Of seven such variables we 
constructed, we will describe one, the product of the column vector 
(Xj) and the row vector (Xa) of the D matrix. This sceler variable 
(Xj X 2 ) is nonmetric, and its computational formula is; 



where Xj * column vector of the eum of the row elemente of the D 
metrix, end Xg = row vector of the sum of the column elements of 
the D metrix. 
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Given the standard structure for the task words: 



A 



Calculate the one-stage commumcat ion matrix C, where each (i, j) entry indi- 
cates a non-directed connection between two elements of the structure. 

01001 
10110 
01000 
01000 
10000 

Calculate the two-stage communication matrix C 2 . [In this matrix, c 2 ,< (i#j) 
is the numbej of directed paths in the structure that go from x. to x. in two 
steps, and c (i»j) is the number of one stage connections for the jiven 
clement in the structure.] 

20110 
03001 
10110 
10110 
01001 

Calculate the sum matrix M ■ C ♦ C 2 . 

21111 
13111 
11110 
11U0 
11001 

Given the student's response structure of the structuring task -B 
words: / \ 

K \ 

/\ 

By the same procedure as above, calculate the sum matrix for the student's 
response structure. 

3111 
12111 
M 2 ■ MUO 
11110 
11001 

Calculate the absolute difference between the sum matrices of the students 
response structure and the standard structure: 



Oeviat ion 
ma t r i x 0 



M - M, 

1 4 



10000 
01000 
00000 
00000 
00000 



Figure A-l. Procedure for calculating the deviation matrix. 
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Plfura A-2. StuxUrd atructura and corraapondlnf aim Matrix for ROCK Tart. 
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Figure A-J. Pre- and poit instructional response structures for three 
students and corresponding deviation aatrlces. 
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With respect to evaluating a student's response structure, the 
XjX 2 variable can be interpreted ae the turn of the number of incor- 
rect connection! leading away from a word in the etructure multiplied 
by the number of incorrect connection! leading to that same word nju± 
this .um for every other word in the structure. For a given student's 
response structure, the interpretation of that numerical value of X^ 2 
is that this response structure lies at a certain distance from the 
standard structure. The larger the numerical value of XjX 2 is. the 
further away i. the student's response structure from the standard 
structure. To illustrate, the numerical values of XjX 2 for the six 
response structures d:splayed in Figure A-3 are shown in the first 
variables column of Table A. The numerical values of the XjX 2 varia- 
ble increase geometrically with increasing deviations of a student 
response structure from the standard structure. 



Table A 



Illustrative Numerical Vslues for the X X X 2 Variable 
Used to Evaluate Student Response Structures 
for the ROCK Concepts Structuring Task 



Variable 

Student Response x X 

Structure * 1 

3 p " 572 

3 Post 3S$ 

IS Pre 580 

IS Post 2180 

18 Pre 314 

18 Post us3 



51 



er|c 



52 



The qualitative analytic ignore* a considerable portion of the 
information contained in the raw data. For our purpose*, this lost 
in information it not adequately compensated for by the advantage* of 
quantification. A major problem with this method of analytic it that it 
yield* results that correspond poorly with the results from the qualita- 
tive analysis. One source of this poor correspondence is the extent 
to which the numerical values derived from the qualitative analysis 
are influenced by the presence in student structures of connections 
that do not appear in the standard structure* The presence of one 
such connection can result in a numeral rating of a structure that 
places the structure in the poor range of scores, when in feet the 
structure has many more of the structural attributes of the standard 
structure than another student structure that has a higher numerical 
score. 

We are continuing to study the quantitative analysis in an attempt 
to make it a more valid method of analysis* 
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APPENDIX B 
MINERAL Concept Structuring Teak 



The MINERAL concept etructuring teak doea not "fall out' 1 ao 
neatly 11 doea the ROCK taek, whare two major aeta of relatione can 
bo combined to form a aingle integrated atmcture. 

Given the worda and phraaea of the MINERAL taak (aee Figure 4), 
the definition of * mineral providea a major structure (aee A of Fig- 
ure B-l). Mineral claaa membership and nonmemberahlp relation! 
form a aecond atructure (aee B of Figure B-l). The hierarchical 
ralationa that exiat between a apecific kind of rock, the minerala of 
which the rock ia compoied, and the chemical compoaltion of the 
minerala expreaaed both aa a chemical name (e.g.. Calcium Carbo- 
nate) and formula (e.g. , CaC0 3 ) define a third atructure (aee Fig- 
ure B-2). 12 

The atructure in Figure B-3 la a repreaentath n reflecting the 
chemical relet ion a hip a among the worda aa contracted with the geologi- 
cal relationahipa repreaented In Figure B-2. Note particularly that 
from a chemical perapectlve. calcite, llmeatone, and aeaahella are 
roughly analogoua, while geologically th*y are quite dlatinct. Figure 
B-4 deplete graphically how the chemicai propertiea of aeveral aub- 
atancea are compared with the propertiea that define the characterietice 
of minerala to determine whether or not the aubatance in queation ia a 
mineral. 



Thia atructure la deeignated "hierarchical, 11 but it ahould be 
noted that it ia compoeed of two different relatione. Limeatone phyei- 
calJx containa calcite cryatala. Calcite "containe" calcium carbonate 
in the aenae that upon chemical analyala, the mineral, calcite, will be 
found to conalet of calcium carbonate, which la preaumed to mean 
molecule a of calcium carbonate. 
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Figure i-l. Mineral definition |A] and »lnerai class leadership and rwn.ee*. r- 
ship [S] structures. 
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Flgura B-2. Rock composition structur*. 
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